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INTRODUCTION

We previously provided an overview of works con�
cerning the formation of the cornea from the pre�
sumptive eye ectoderm region [1]. Here, we will con�
sider how the lens anlage differentiates and develops
from the multipotent region of the head ectoderm,
which produces the lens, cornea, and conjunctival
epithelium, as well as the lacrimal glands and epider�
mis of the eyelids. This multistep process begins with
the formation of future placode tissues from the ecto�
derm and their subsequent genetic specification [2]
and ends with the formation of an avascular, transpar�
ent, and highly refractive lens structure capable of
focusing light images onto the retina due to its lentic�
ular shape.

FORMATION OF AN INTERMEDIATE
STRIP OF TISSUE

During embryonic gastrulation, the ectoderm is
divided into neural and nonneural ectoderm, forming
an intermediate region between them. In the emerging
neural domain (neural plate), neural genetic markers
are expressed, such as ERN1 (early response to neural
induction), Sox3 (related to Y�centered sex determin�
ing gene SRY, with domain HMG�box), SoxD, and
Geminin (neural fate determination). The nonneural
ectoderm reveals the expression of other genes, such as
Gata2, Gata3 (with the motif of recognizing consensus
GATA), Dlx�3, �5 (homeobox gene causing lack of
distal parts), Foxi3 (gene with domain Forkhead box I3),
Bmp4 (bone morphogenetic protein), and Msx1 (mus�
cle segment homeobox gene) [2]. The marker genes of
both of the types mentioned above are expressed in the
early neurula stage in the border region between the
neural plate and ectoderm. BMP signaling proteins
are involved in the regulation of gene expression by

means of epidermal activation and the suppression of
neural cell characteristics, and they determine the
location of the intermediate region between the two
tissues and its expression of genes specific to the bor�
der strip (Dlx, Foxi1, and Msx) [3]. Factors of the FGF
(fibroblast growth factors) family participate in pro�
viding the ectodermal cells with certain characteristics
of the border region and its further partitioning into
the neural crest and the placode chain. In this process,
a certain role is also played by the transforming growth
factor beta TGFβ, which participates in the activation
of gene Smad3 (from SMA (small body size) + mad
(maternal effect against decapentaplegic)) and Wnt
signaling (Wg (wingless gene of Drosophila) + Int
(gene for the integration of oncogenic viruses in verte�
brates)) [4], which will be discussed further.

The role of the Dlx gene family, Dlx3 [5, 6], Dlx5
[7], and Dlx6 [8], is to counter the formation of the
neural plate in the border region. These genes are
involved in the isolation and specification of longitu�
dinal strips of progenitor cells for the neural crest and
placodes. The Foxi1 gene is also one of the early par�
ticipants in the formation of the border region between
the neural plate and ectoderm.

FUTURE PLACODE TISSUE FORMATION

The formed border region divides into the future
placode tissue and the neural crest tissue. It has been
found that a combination of FGF factors with Wnt
and BMP gene expression antagonists induces the
intact ectoderm to produce ectopic preplacodal tissue
[9], indicating the involvement of these genes in isola�
tion of the future placode strip. The future placode
strip (pan� or preplacodal region) in the form of a
horseshoe surrounds the rostral part of the neural plate
and goes in the caudal direction along the prospective
forebrain, midbrain, and hindbrain. The expression of
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genes Dlx5 and Dlx3 in this strip increases the expres�
sion of preplacodal gene Six1 (a homeobox homolog
of the sine oculis gene (no eyes) of Drosophila) [10, 11]
and Six4 [12, 13], which contain the Six�domain and
homeodomain. The expression of a dominant negative
form of Six1 causes a decrease in the number of cells
expressing Pax6 (a homeobox gene with the Paired box
domain) in the lens placode. However, the expression
of these genes is still not enough to activate the genes
involved in the development of the future placode tis�
sue, including Pax6, which plays a huge role in this
process. This is indicated by the fact that, in the
absence of the Dlx function, the Msx proteins inhibit
the formation of placodes. In addition to genes Six and
Msx, there is expression of genes from the Eya family
(no eyes): Eya1 and Eya2 [14, 15], which are con�
trolled by the higher�level genes [16] (including gene
Fgf8) [17] and genes of anti�BMP and anti�Wnt signals
originating from the neural plate and endomesoderm
[9, 18]. It is known that the transcription factor
encoded by Six3, although weakly interacting with
Eya, interacts with its corepressors of the Groucho
family [19]. The Six3 expression pattern is similar to
that for Pax6. The action of Six3 in the presumptive
lens ectoderm does not depend on Pax6; Six3 expres�
sion and localization in the nucleus in the lens placode
later become related to Pax6 activity [20]. Six3 itself is
involved in maintaining the expression of Pax6 [21].

In mice, a similar situation is observed with respect
to Sox2. At the preplacodal stage, its expression does
not depend on Pax6: its activity requires Bmp7 activity
in the head ectoderm cells, whereas its expression in
the lens placode is maintained by the functioning of
Pax6. The expression of Sox2 in mice in the eye vesicle
and head ectoderm broad domain, including the pre�
sumptive lens ectoderm, in addition to Bmp7, also
requires the expression of Bmp4. It is assumed that fac�
tor BMP4, on the one hand, activates lower�level
genes of the optic vesicle and, on the other hand,
serves as one of many inductive signals originating
therefrom, causing the expression of Sox2 in the optic
vesicle and subsequent formation of the lens.

Cells of the strip of all future placodes are first spec�
ified, apparently as those of the lens. All of them first
express their characteristic genes: Sox2 [22], Pax6, L�maf
(musculo�aponeurotic fibrosarcoma oncogene),
Foxc1, and the genes of δ�crystallin and αB�crystallin
[23]. Part of the future placode strip surrounding the
rostral area of the neural plate, in addition to the
aforementioned genes, later begins to express genes
specific to the anterior placodes: Otx2 (a homeobox
gene, homolog of ocelliless (no eyes) of Drosophila)
[24], Six3 [25, 26], Pitx3 (a pituitary homeobox gene),
Dmbx1 (a diencephalon/mesencephalon homeobox
gene), and the gene of αA�crystallin, whereas cells of
the posterior part express Irx (the iroquois homeobox
gene), Irx1, Irx2, Irx3, and Gbx2 (the gastrulation
brain homeobox gene) [25, 27–29]. Neighboring pre�
placodes can have common markers. For example,

genes of the POU family (Pit/Oct/Unc), genes Oct�
1/Pou2fl (octamer transcription factor/POU domain
factor), Sox2, and Рах6 are used for inducing both len�
ticular and nasal placodes. At the same time, Pax6 and
Pou2f1 (Oct1) are partners in the production of Sox2
[30, 31]. It was shown that N�cadherin (cadherin 2—
Cdh2) is expressed in these placodes in a Sox2�depen�
dent manner. The expression of Pax6 [32], which
spread originally in the preplacodal ectoderm, includ�
ing both the presumptive lens and nasal ectoderm, and
later in the cells of the nasal predecessors, becomes
completely suppressed. It was also noted that Six1 is
expressed in the lenticular and otic placodes, as well as
the trigeminal nerve placode, thus confirming that
cells of various placode anlages require Six1 gene
activity or Six1�related activity [33]. It is yet unclear
on the basis of what positional information the expres�
sion of genes is restricted.

LENS PLACODE FORMATION

In the process of further development, the respec�
tive presumptive ectoderm cells adjacent to the optic
vesicle elongate and form a thickened portion of tis�
sue, a lens placode. Now the activity of genes Sox2
[34], Sox3 [32, 34], Meis1 (a homeobox gene with
myeloid ectopic viral integration site), and Meis2 [35]
is restrained by the presumptive lens ectoderm cells
contacting the optic vesicle cells. The Sox proteins
now form a complex with the Pax6 protein, for exam�
ple, on δ�crystallin enhancer [30], and the interaction
leads to their mutual activation [30, 36], resulting in
the induction of the δ�crystallin gene [30] and L�Maf
[37, 38]. Proteins of the Maf family are partners for
Sox proteins and have a determinant critical value for
them. It was found that the δ�crystallin gene enhancer
in chickens, in addition to the binding site of the Sox–
Pax6 complex [39, 40], contains two Maf�binding
sites. The mouse γF�crystallin gene promoter also
contains binding sites for proteins Maf and Sox [40].

The formation of the lens placode also involves
genes Otx2 [32], Otx1 [41], and Hes1/Hes4 (hairy and
enhancer of split) [26], as a result of which the pre�
sumptive lens ectoderm acquires the specific features
of the lens placode [31]. Otx2 encodes a bicoid�type
homeodomain protein that is a regulator of the
enhancer for FoxE3, a gene for lens differentiation in
the presumptive lens ectoderm of Xenopus embryos. It
is also known that Otx2 controls the activity of genes
Pax6, Six3, and Notch2 but does not affect the expres�
sion of Dlx5 [26].

The expression of Hes4 directly depends on the
activity of Rx (a retinal and anterior neural fold
homeobox gene) expressed in the adjacent presump�
tive area of the retina and the neural plate [42] and may
initially depend in the preplacodal ectoderm on the
activity of Notch2 [43]. Activated via Notch, the sup�
pressor protein Su(H)/RBP�Jκ in turn directly acti�
vates the FoxE3 gene enhancer in the presumptive lens
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ectoderm. In Xenopus and mice, the expression of the
Pitx3 factor containing homeodomain first appears in
the lens placode [44] after the activation of FoxE3.
Hes1 is found in the preplacodal ectoderm in mice
before the closing of the neural tube, and its expression
in the developing lens placode persists [45].

As was mentioned above, Pax6 is important not
only for isolating the presumptive lens ectoderm but
also for the proper formation of the lens placode. In
mice, conditional deletion of the Pax6 allele in the
preplacodal presumptive lens ectoderm leads to a lack
of the lens placode [46]. In the presumptive lens ecto�
derm, the dominant negative form of Pax6 [37] inhib�
its the expression of L�maf, Prox1, and the δ�crystallin
gene but not Sox2 or Six3, leading to the impossibility
of the formation of the lens placode. On the other
hand, the Рах6Sey1Neu allele, which represents a point
mutation resulting in a nonfunctional protein, pre�
serves both the expression of Рах6 in the surface ecto�
derm of the head and the formation of the placode but
leads to a lack of further expression of Рах6 in the lens
placode. This indicates that the action of Pax6 has two
expression phases [47]: in the presumptive ectoderm
and in the lens placode. These two phases are appar�
ently controlled by different enhancers, EE and
SIMO. SIMO was first discovered in patients with anir�
idia, in which it exists as a conserved region separated
from the coding region of Pax6 [48]. The Pax6
enhancer EE was identified as a binding site of Meis
factor; this indicates regulation of the enhancer by
homeodomain transcription factors Meis1 and Meis2,
which belong to the TALE class (three amino acid
loop extension) with a characteristic loop of three
amino acids [35]. The activity of EE is controlled by
the Pax6 factor, as well as the proteins Sox2 [36],
Pou2f1 [31], and Prep1 (PROP paired�like homeobox
protein 1) [49]. The protein of Prep1, also belonging to
the TALE family, modulates the time and expression
levels of Pax6 [49]. The expression of Pax6 in the stage
of the lens placode formation is also controlled by
Bmp7. It is assumed [47] that Pax6 autoregulation can
be controlled by MAPKs (mitogen�activated protein
kinases). Let us note that the signal chain Fgf com�
prises the Ras–Raf–MAPK pathway as one of the
branches. It has been shown in mice that the expres�
sion of Pax6 actually requires FGFR (fibroblast
growth factor receptor) signaling [50]. For example, in
the case of a dominant�negative mutation in FgfR1,
the formation of the lens placode reveals early defects
and reduced expression of Pax6. The expression of
Pax6 in the formation of the lens placode in mice also
requires the suppression of Wnt/β�catenin signaling
[51]. It is noted that elimination of the β�catenin gene
expression leads to the formation of ectopic lenses in
the periocular ectoderm in [52], as well as the partial
recovery of the formation of lenses in an Rx�deficient
mouse embryo completely deprived of retinal tissue.
This suggests a role of the presumptive retina in lens
induction, which is most likely connected with the

suppression of Wnt/β�catenin signaling in the pre�
sumptive lens ectoderm [4]. Let us only note that the
induction of the lens is also apparently affected by the
expression of Pax6 in retinal progenitors [53].

OPTIC VESICLE FORMATION

In chick and mouse embryos, the thickened lens
placode invaginates in the direction of the optic vesicle
and detaches in the form of the optic vesicle from the
head ectoderm [54]. Mice knockout for Mab21l1
(male abnormal 21�like 1) form a lens placode that is
incapable of invaginating due to cell proliferation dis�
orders [55]. This defect affects the expression of FoxE3
and Pdgfrα (alpha�type platelet�derived growth factor
receptor) and the expression of Prox1 (prospero
homeobox gene 1). It is shown that separation of the
optic vesicle from the surface ectoderm requires Jag1
(jagged 1) and Rbpj (recombination signal binding
protein for immunoglobulin kappa J region) proteins,
which are involved in Notch signaling. It is known that
Pitx3 is also important for this process in mice [44].
The protein Sip1, which interacts with Smad and is
coexpressed with epithelial markers such as E�cad�
herin, is also required for separation of the optic vesi�
cle from the head ectoderm, and the E�cadherin gene
defect leads to the development of a cataract [56]. This
gene controls about 190 lower�level genes.

An important stage in lens development is the divi�
sion of its entire cell population into anterior ectoder�
mal cells and future lens fiber cells. It is believed that
this division occurs at the stage of the lens placode.
The anterior cells of the optic vesicle form a mono�
layer of lens epithelial cells located on top of the lens
fibers. Between these two layers, there are cells of the
equatorial region of the lens, which continuously pro�
liferate and differentiate into secondary lens fibers.
The equatorial zone performs a supporting and orga�
nizing function for the forming lens fibers, which will
be discussed separately. On all sides, the lens is covered
by a basement membrane called the lens capsule.

The anterior lens epithelial cells predominantly
support the expression of Hes1, Pax6, Six3, Mab21l1,
FoxE3, Pitx3, and MafB [65]. Wnt/β�catenin signaling
participates in this process [51]. Wnts genes signal
through Frizzled (Fz) receptors. Wnt/β�catenin sig�
naling and differentiation of the epithelial cells of the
anterior portion of the optic vesicle requires the presence
of the coreceptor LRP (protein related to the low�density
lipoprotein receptor). Moreover, the expression of regu�
latory genes SFRPS (secreted frizzled related proteins)
and Dkks (Dickkopfs) is also important for Wnt�Fz signal�
ing and lens development [57].

The undifferentiated or pluripotent state of the lens
equator cells is maintained by Hes1, which regulates
the expression of the cell cycle inhibitor p27xic1

(cyclin�dependent kinase inhibitor) [26]. This region
of lens fiber precursors is also characterized by the
expression of Prox1. It was shown that the prolifera�
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tion and maintenance of specified but not differenti�
ated equatorial cells of lens progenitors involves FoxE3
[58] and Sip1, which belong to the transcription factor
family ZFHX1 (zinc finger homeobox proteins), and
BMP, Bmpr1a, and Acvr1 (activin A receptor) receptor
genes, which are higher than FoxE3 [59].

Fgf1 and Fgf2 contribute to the process of differen�
tiation, which is accompanied by a transition of epi�
thelial cells of the lens into lens fibers. Their action is
associated with the activation of lens differentiation
genes such as Mab21l1 [55], FoxE3 [60], Pitx3 [61,
62], L�Maf [54], MafB [54], c�Maf [63], Sox1 [34],
and Prox1 [64]. At the same time, preplacodal genes
such as Dlx5, Six1, Six4, Eya1, and Eya2, as well as
Otx2, are disabled [65]. Then comes the second phase
of action of Pax6, which, as was found, activates the
αA�crystallin gene promoter in mice but represses the
βB1�crystallin gene in chickens. Pax6 also acts as an
activator and repressor of the δ�crystallin gene
enhancer in chick embryos [39]. In addition to genes
Six3, Prox1, and Sox2 and crystallin genes, Рах6 reg�
ulates a diverse range of genes, including genes of spe�
cific adhesion molecules (for example, α5β1 integrins,
R�cadherin, L1CAM (cell adhesion molecule L1) and
JAM1 (junctional adhesion molecule 1), as well as
genes for such as proteins paralemmin, molybdopterin,
synthase sulfurylase, and neogenin and genes of tran�
scription factors Brg1 (brahma�related gene 1), Pitx3,
and Etv6 (E26 transformation specific variant 6) [23].

LENS CELL DIFFERENTIATION

In the final developmental stages, the anterior lens
epithelial cells form (1) a region of randomly packed
cells of a cubic shape; (2) a zone of well�organized
cross�sectionally hexagonal cells of future lens fibers;
and (3) the so�called germinal zone of progenitor cells
arranged in a certain way. The hexagonal shape and the
geometry of the honeycomb arrangement of the lens
fiber cells allow for their dense stitching, which elimi�
nates the intercellular space, thus minimizing light
dispersion and contributing to the high index of
refraction. Provided the appropriate migration and
appropriate arrangement of elongated fiber cells, this
cell packaging requires structural organization of their
contractile and adhesive elements, N�cadherin, actin,
and myosin. Complexes of N�cadherin and actin via
contractile proteins myosin and caldesmon form a
hexagonal lattice for basal ends of the fiber cells. Com�
plexes on the basement membrane of the fiber cells
were ealso revedal to have paxillin, myosin light chain
kinase (MLCK), and focal adhesion kinase (FAK).
The maintenance of the hexagonal shape of the lens
fiber cells involves protein tropomodulin 1 [66].

In addition to maintaining the hexagonal shape of
the lens fiber cells, their arranged extension is also
important. A fulcrum is formed in the aforementioned
germinal zone in the apical ends of the equatorial epi�

thelial cells. The apices of the hexagonal epithelial
cells attach to this fulcrum prior to the differentiation
and elongation of the lens fiber cells at the lens equa�
tor. At the same time, clusters of phosphorylated pro�
teins Src (sarcoma proto�oncogene tyrosine�kinase),
actin, E�cadherin, and receptor tyrosine kinase
EphA2 (ephrin type A receptor 2)/ephrin [66] are
formed on the apices of the hexagonal fiber cells
arranged in meridional rows. Eph/ephrin signaling
during embryogenesis is typically responsible for
pointing the growth tips of axons and the formation of
boundaries between the tissues. The loss of EphA2
leads to a lack of the lens platform fulcrum, disorgani�
zation of the meridional rows, changes in the shape of
the equatorial epithelial cells, and ultimately to distur�
bances in the lens fiber arrangement. EphA2 is an
important factor for the activation and phosphoryla�
tion of Src and cortactin, which, in turn, capture
F�actin at apices of the equatorial hexagonal cells.
Thus, the Eph/Src signaling cascade controls mor�
phogenesis from the lens equatorial cells [66]. It is
known that EphA2 or EphA5 mutations in humans and
mice cause cataracts with variable expression or
incomplete penetrance. Ephs and ephrins facilitate cell
sorting into opposite compartments, stimulating the
completion of cellular communications by establish�
ing gap junctions between cells. Most likely, the
EphA2�dependent activation of Src and cortactin is
the key signaling that provides the required distribu�
tion of F�actin and E�cadherin, leading to changes in
the intercellular structure and the basal�lateral shape
of cells to that hexagonal when transiting from epithe�
lial to fiber cells at the lens equator.

The lens fiber cells are characterized by the expres�
sion of crystallins. The family of crystallins—struc�
tural proteins that provide transparency and a high
refractive index of the lens is represented in mice by
crystallins αA, αB, γA�F, γS, βA1�4, and βB1�3. The
cluster γA�F is not expressed in chicken lens crystal�
lins, probably because it is not present in the chicken
genome. In addition to γS�crystallins, chicken lenses
contain two taxon�specific crystallins: δ1 and δ2.
α�Crystallins are normally expressed in both the lens
epithelium and the lens fiber cells, and they first
appear at the stage of the optic vesicle. The expression
of β�crystallin in mice begins at stage E11 and serves
an early marker of lens fiber differentiation, while the
activation of γ�crystallin genes begins at stage E12.5.
The cells of the posterior wall of the optic vesicle elon�
gate quickly, differentiating into primary lens fibers.
Cell division stops, followed by cell enucleation. This
is accompanied by strong activation of β� and γ�crys�
tallins and all of the genes associated with the differen�
tiation process, such as Sox1, Sox2, Sox3 [34], L�Maf
[54], and c�Maf [67], MIP26 (macrophage infectivity
potentiator) and filensin. Proteins specific to the lens,
CP49 (also known as phakinin) and filensin (or
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CP115), are expressed with a starting differentiation of
the lens fiber cells and produce distinctive beaded fila�
ments in them.

Crystallin gene regulators with a limited spatial
expression pattern consist in factors controlled by
genes Рах6, с�Maf, MafA/L�Maf, MafB, NRL (gene
specific for neural retina�specific leucine zipper gene),
Sox2, Sox1, Prox1, Six3, factors γFBP�B (γF1�binding
protein isoform B) and HSF2 (heat shock transcrip�
tion factor 2), as well as retinoic acid receptors
RARβ/retinoid X receptors (RXRβ) and retinoid�
related orphan receptor alpha RORα [23]. All of these
factors are differentially expressed in cells of the pri�
mary and secondary lens fibers. Thus, regulation of
αВ�crystallin via heterodimers RARβ/RXRβ is car�
ried out between stages E9.5 and E12.5; the signaling
of retinoic acid and retinoids in the lens then disap�
pears. The direct or indirect interaction between Pax6
and nuclear retinoic acid receptors RARβ and RXRβ
has been confirmed. These specific DNA�binding
transcription activators gather in ensembles on crys�
tallin promoters and more distal regulatory regions of
genes containing the appropriate binding sites and
carry out their specific functions. For example, they
neutralize the inhibitory effect of chromatin and col�
lect necessary common transcription factors, including
RNA polymerase II and coactivator CBP/p300, which
consist of protein p300 and CREB�binding protein,
which havs histone acetylase activity and leads to stimu�
lation of CAMP�dependent protein kinase, and Brg1,
the catalytic subunit of the SWI/SNF (SWItch/Sucrose
NonFermentable) complex, which is specific to his�
tone H3 lysine 4 methyltransferase. All this leads to
full activation of the crystallin gene transcription
apparatus.

As a result, lens fiber cells lose all membrane�
bound organelles. These cells quit the cell cycle,
mainly due to the expression of inhibitors of cyclin�
dependent kinases Cdkn1b/p27 and Cdkn1c/p57.
Other cell cycle regulators, three D�type cyclins, con�
tinue to be expressed during the lens differentiation,
while cyclin D2 is the most highly expressed cyclin in the
posterior optic vesicle [68]. Its expression in the post�
mitotic lens fiber cells is suppressed, which is needed to
maintain their postmitotic state [69]. GATA�3, acting on
cyclin�dependent kinase inhibitors Cdkn1b/p27 and
Cdkn1c/p57, which end the cell cycle, plays an impor�
tant role in lens fiber cell differentiation [70]. The
expression of GATA�3 in normally developing lens
fiber cells is negatively directly or indirectly controlled
via c�Maf. To quit the mitotic cycle, the cells also
require a common key cell cycle regulator retinoblas�
toma protein, pRb. The interaction between pRb and
Pax6 has been demonstrated.

In the developing optic vesicle, L�Maf is predomi�
nantly expressed in the lens fibers, while the preferred

location of c�Maf expression lies in the anterior lens
epithelium. The expression of MafB occurs after the
formation of the optic vesicle in the lens epithelium
and fibers [71, 72]. The ectopic expression of all of the
tested lens�specific genes is induced under the ectopic
expression of L�Maf in the head ectoderm of chick
embryos and the cultivation of neural retina cells. This
includes all of the crystallin classes, c�Maf, MafB,
Prox1, cyclin�dependent kinase inhibitor p27kip1, and
the lens fiber�specific water channel protein encoded
by MIP [72].

In mice, c�Maf is required for lens differentiation,
while the functions of L�Maf and MafB can be com�
pensated by c�Maf [73]. In mice with knockout for
c�Maf, the lens fibers are not formed, the lens fiber�
specific expression of γ�crystallins (γA, γB, γC, γD, γE,
and γF) is completely absent, and the expression of
other classes of crystallins (α and β) is greatly reduced,
while Prox1 gene expression is not changed.

Prox1 controls the cell cycle and cell elongation
during lens fiber differentiation. Changes in Prox1
protein lead to disturbances of its intracellular local�
ization during lens development [64]. In mice, Prox1
expression requires the expression of Pax6 and Six3 in
the lens placode and later FGFR (Fgfr1�3) receptor
signaling in the optic vesicle [74]. It was found that
mice with knockout for Prox1 [75] have no lens fiber�
specific expression of genes p27kip1 and p57kip2 and
no expression of some γ�crystallins (γB and γD), and
E�cadherin gene expression, which is characteristic of
the anterior lens epithelium, spreads to posterior cells.
However, the expression of other crystallins remains
normal.

An important role in the differentiation process
belongs to the functioning of proteins containing in
their structure the PDZ domain (an acronym of the
first letters of proteins PSD95, Dlg1, and Zo�1). Due
to their multiple domains for protein–protein interac�
tions, the PDZ family proteins are believed to serve as
scaffold molecules capable of collecting large macro�
molecular signaling complexes at the cell membrane.
Proteins Dlg�1 (large discs), Scrib (protein polarity
Scribble), and numerous other PDZ proteins are
expressed throughout the eye lens. Proteins Dlg�1 and
Scrib are localized together with one another and with
cell adhesion proteins E�cadherin and N�cadherin
and apical protein ZO�1 (zonula occludens, tight
junction protein 1) [76]. Defects arising from the loss
of the Dlg�1 function are associated with disturbances
in cell adhesion, cytoskeletal organization, and apical�
basal polarity factors. Loss of the Dlg�1 gene function
also reduces levels of factors α�catenin, MIP26, and
pERK1/2 (extracellular signal�regulated kinase 1/2),
which are essential for the maintenance of the normal
cellular architecture and differentiation of lens fiber
cells [77]. In addition, the actin cytoskeleton organi�
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zation gets violated, especially in the apical regions of
the lens fiber cells, in the region of attachment to the
capsule, wherein protein Dlg�1 is usually found in
high concentrations and is localized in conjunction
with N�cadherin, Src, and cortactin [76]. The similar�
ity of Dlg�1�deficient and Cdh2�deficient lenses sup�
ports the hypothesis that Dlg�1 is a modulator of
N�cadherin function.

In mammalian embryos, E�cadherin and N�cad�
herin genes are expressed generally in the epithelial
cells of undifferentiated lenses. The differentiated cells
of the lens fibers express only N�cadherin [78].
N�Cadherin compounds of the epithelial cells of
undifferentiated lenses are arranged in the form of a
nascent immature type of compounds [78] located on
the apices of the plate�shaped protrusions between the
lateral cell membranes of the epithelial lens cells. Mat�
uration of these N�cadherin compounds is related in
time to the initiation of the lens differentiation. It is
assumed that kinase for c�Src (C�terminal sarcoma
tyrosine) CSK (C�terminal Src kinase) regulates the
initiation of the lens cell differentiation by preventing
the maturation of N�cadherin compounds. The cad�
herin complex contains many targets for tyrosine
kinase c�Src. These include cadherin receptors,
β�catenin, γ�catenin, and p120�catenin. Suppression
of the kinase c�Src (CSK) activity also induces the
expression of cyclin�dependent kinase inhibitors p27
and p57, cell cycle arrest, and lens differentiation ini�
tiation [79]. The regulation of the activity of protein�
tyrosine kinase Fyn of the Src family is central for the
cells to decide “to stop proliferation and move towards
differentiation” [80].

Mature N�cadherin compounds resulting from the
activity of protein�tyrosine kinase Fyn serve as places
for the assembly of cortical actin filaments essential for
both the organization and elongation of the lens fiber
cells. Cortical actin is important for generating mov�
ing forces and determining the cell shape [78]. Signal�
ing via lower�level signaling effector kinase Fyn, phos�
phoinositide 3�kinase PI3K, and its lower�level effec�
tor Rac (Ras�related protein of the Rho family of
GTPases, small signaling G proteins) provides the
organization of cortical actin structures and controls
the elongation of differentiating lens fiber cells [80].
During the maturation of lens fiber cells, nonmuscle
myosin assembly defects normally give rise to juvenile
cataracts, pointing to the importance of myosin for the
elongation of the lens fiber cells [81].

In mature lens fibers, protein periaxin (Prx), which
has the PDZ domain, comprises adherens junctions,
together with other proteins involved in the organiza�
tion of membranes, such as ankyrin�B, spectrin,
NrCAM (nerve cell adhesion molecule), filensin,
ezrin, and desmoyokin. Under knockout for Prx,
mouse lenses exhibit disturbances in the hexagonal

packing of lens fiber cells, skeleton, and membrane
stability [82]. The organization of the cytoskeleton
may also be violated under the suppression of the Rho
GTPase activity in the lens fiber cells [83]. Connexins
Cx46 and Cx50 expressed in human lens fiber cells in
the lens core tightly connect them, which is essential
for the growth and transparency of the lens [84].

LENS AND miRNA

Some miRNA molecules are expressed in many tis�
sues, while others are expressed strongly in certain tis�
sues; miRNA is found at high levels in the cornea and
lens of mice [85, 86].

During the cornea and lens development, the
abundant expression of Dicer (RNase III endonu�
clease) is important for the production and preserva�
tion of function of mature miRNA molecules in the
lens [87]. The absence of this gene in mouse embryos
with the conditional null mutation DicerCN (Dicer
conditional null) causes progressive degeneration of
the lens, followed by microphthalmia. Analysis of the
differential gene expression in the lens of mice Dicer
CN at stage E13.5 showed that they expressed many
genes involved in the implementation of the so�called
P53 pathway, including genes for Tp53inp1 (tumor
protein p53 inducible nuclear protein 1), Cdkn1a
(p21Cip), serpin2, and Tnfrsf10A (tumor necrosis fac�
tor receptor superfamily, member 10a), which are key
regulators of cell death and cell cycle arrest [88], as
well as genes for the higher�level regulators and/or
modifiers P53 [89]. It is assumed that lens develop�
ment regulation through miRNA consists of forming
lower�level sequential activation of lens�specific tran�
scription factors. A decrease in the expression of β�
and γ�crystallin genes contribute to degeneration of
the lens in Dicer CN mice. Thus, a decrease in the
expression of lens�specific γS�crystallin, which is usu�
ally present at a high level in the lens fiber cells, causes
degeneration of the lens cells, resulting in cataracts
[90]. Fgfr2 gene expression is also suppressed in the
lens of the Dicer CN mutants [91]. Perhaps the regula�
tion of the Fgfr2 factor level in developing lenses may
be the pathway through which gene Dicer and miRNA
are involved in the lens development. Itgb8 (integrin
beta�8) is an example of gene activation in the lens of
the Dicer CN mutants, which is unusual for normal
development. Other genes activated in the lens of
Dicer CN are involved in the development of various
other tissues. So, lens miRNAs may act by limiting the
expression of genes that determine the proper lens
development. The identification of target genes for
miRNAs will identify specific the roles of many miRNAs
that are dynamically expressed in the developing lens
and cornea.
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CONCLUSIONS

We have examined the genes involved in the devel�
opment of a lens, the anlage of which is only a part of
the region of the ocular ectoderm of the head. It is
known that mutations in the considered genes,
according to their stage� and tissue�specificity, cause
developmental disorders of the lens, from its complete
absence to opacification (in different types of cata�
racts). Thus, there is a certain hierarchy of lens anom�
alies that apparently corresponds to the hierarchical
position of the genes involved in its development
(genes of embryonic induction, specification, and dif�
ferentiation and functional genes). The top of this
hierarchical chain is likely to be occupied by the genes
responsible for compartmentalization of the ocular
ectoderm, which is apparently carried out on the basis
of the existing positional information. This informa�
tion is usually provided by means of morphogen gradi�
ents, for example, retinoic acid, the gene activity, as
well as receptor activity, of which is observed in the
lens anlage. The gradients of different morphogens
apparently maintain further differential activity of cer�
tain genes in certain regions. This is accompanied by
certain splitting or regionalization of the tissue and
isolation of the lens placode divided, in turn, into the
anterior and posterior compartments of the optic ves�
icle and the lens. The cells of these optic vesicle com�
partments at some stage stop their proliferation
(except for the lens equator) and begin to differentiate
as a result of the activation of many different groups of
genes involved in morphogenesis of cells, their con�
nection and packaging, and their viability and func�
tions. Unfortunately, almost nothing is known about
how and through what morphogens the positional
information for the regionalization of the lens is pro�
vided.

Further research in identifying the interactions
between signaling systems, transcription factors, and
noncoding RNAs participating in the formation of the
lens is required to create a more complete picture of
lens development.
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